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A METIIOD TO PREDICT THE THERMAL CONDUCTANCE OF A BOLTED J O I N T  
John E. Fontenot, Jr.* and Charles A .  Whitehurst;'cj: 
Abstract 
A p r a c t i c a l  a n a l y t i c a l  method was developed t o  p red ic t  t h e  
i n t e r f a c e  thermal conductance of a bol ted  j o i n t  from a minimum of  design 
information. 
conductance across  t h e  i n t e r f a c i a l  contac t  zone and t h e  i n t e r f a c i a l  gap. 
Simple equations were developed t o  descr ibe  t h e  thermal 
U s e  was made of  methods, d e s c r i b e d ' i n  a previous p a p e r ,  t o  determine t h e  
i n t e r f a c i a l  contac t  pressures  and t h e  width of t h e  i n t e r f a c e  gap. 
Calculated values of i n t e r f a c e  conductance were used i n  f i n i t e - d i f f e r e n c e  
hea t  t r a n s f e r  analyses  and the computed i n t e r f a c e  temperatures compared 
t o  values  measured i n  nine experiments. 
c - 
a Average r ad ius  of contact  po in ts  (spots)  
Ca Thermal conductance of contac t  po in ts  
Thermal conductance due t o  cqnduction across  i n t e r f a c e  f l u i d  
Thermal conductance of i n t e r f a c e  f l u i d  
Thermal conductance across  i n t e r f a c e  gap 
Thermal conductance due t o  r a d i a t i o n  across  i n t e r f  
T o t a l  conductance of j o i n t  contac t  area 
Meyer hardness 
Nominal Meyer hardness 
R.M.S. of su r f ace  i r r e g u l a r i t y  - su r face  A 
R.M.S. of su r f ace  i r r e g u l a r i t y  - su r face  B 
Thermal conduct ivi ty  
Thermal conduct ivi ty  of  i n t e r f a c e  f l u i d  
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. k  Mean va lue  of thermal conduct ivi ty  f o r  j o i n t  members 
n Number of contac t  po in ts  per un i t  area 
P Pressure 
r e  One-half of average va lue  of d i s tance  between contac t  po in ts  
Radius of bolthead 
ril - 
=a 
T N  
6, 
rs Radius of b o l t  shank 
Radial  ex ten t  of i n t e r f a c e  stress 
Average temperature of j o i n t  i n t e r f a c e  
x Average i n t e r f a c e  gap thickness  
. Equivalent i n t e r f a c e  gap f o r  r ad ia t ion  
s E m p i r i c a l  constant  i n  equation 2 
hA 
A, 
P A  
Wave length of su r face  waviness, sur face  A 
Wave length of su r face  waviness, su r f ace  B 
R.M.S. va lue  of su r face  roughness, su r f ace  A 
R.M.S. va lue  of su r face  roughness; su r f ace  B Pe . 
0 Stefan-Boltzmann constant  
tt Empirical constant  i n  equation 2 
Background and In t roduct ion  
I n  most of the work tha t  has been done t o  measure e i t h e r  t h e  hea t  
t r a n s f e r  across  o r  t he  thermal conductance of a j o i n t  i n t e r f a c e ,  many 
s impl i fy ing  assumptions have been made. The mechanical fas tener  has been 
el iminated and the  problem worked a s  i f  t h e  two j o i n t  members were pressed 
together  by a uniformly d i s t r i b u t e d  load. The s impl i f i ca t ion  i s  demonstrated 
by Figure. 1. 
There are important d i f fe rences  between the  hea t  t r a n s f e r  problems 
o f ’ a c t u a l  j o i n t s  and of contac ts .  I n  the a c t u a l  j o i n t ,  t h e  thickness  of 
. the i n t e r f a c e  ( i n t e r f a c e  gap) i s  a funct ion of f a s t ene r  and j o i n t  geometry 
as w e l l  a s  the torque appl ied t o  t h e  fas tener .  The thickness  of t h i s  gap 
v a r i e s  considerably along the  in t e r f ace .  I n  the  idea l i zed  j o i n t ,  t h e  appl ied 
load i s  uniform and the  i n t e r f a c e  s t r e s s  i s  macroscopically uniform. The 
i n t e r f a c e  stress varies on a microscopic s c a l e  because of i r r e g u l a r i t i e s  
on the  contac t  su r f aces .  Of primary importance i n  a study of t h e  thermal 
conductance of con tac t s  i s  t h e  cons idera t ion  of t h e  microscopic roughness. 
A study of t h e  thermal conductance of a mechanical j o i n t  involves,  i n  
add i t ion ,  t h e  de te rmina t ion  of t h e  width of  and stresses i n  t h e  macroscopic 
contac t  zone, and t h e  th ickness  of t h e  i n t e r f a c e  gap. These a re  functions II 
of the  stresses induced i n  t h e  j o i n t  members by t h e  f a s t ene r .  
j .  
The problem of determining the  thermal grad ien ts  ac ross  sur faces  
i n  contac t  w a s  of concern as f a r  back a s  1913 (l)*. Numerous papers have 
been w r i t t e n  on t h i s  subject, and a very comprehensive bibliography of t hese  
was compiled by Atkins (2) i n  1965. Two other  l i terature  surveys were 
conducted by Minges (3) i n  1966 and Fontenot (4) i n  1964. Several  papers 
on the  sub jec t  of t h e  thermal conductance of contac ts  w i l l  b e  discussed 
shor t ly .  
The major i ty  of t h e  p a p e r s  on t h e  sub jec t  of i n t e r f a c e  conductance 
is devoted t o  con tac t  conductance, as  opposed t o  j o i n t  conductance. The 
f i r s t  known pub l i ca t ion  devoted t o  a c t u a l  mechanical j o i n t s  i s  t h a t  of 
J e l i n e k  (5) i n  1949. 
t h e  most comprehensive one being t h a t  of Lindh e t  a1 (6). 
was an attempt a t  a comprehensive ana lys i s  of t he  thermal conductance of 
r i v e t e d  j o i n t s .  Some of t h e  shortcomings of t h e i r  work are discussed a t  
length i n  re ferences  4 and 7.  
S ince  t h a t  t i m e  t h e r e  have been a number of  publ ica t ions ,  
Lindh e t  a l ' s  r epor t  
A review of t h e  l i t e r a t u r e  on t h e  subjec t  of t h e  thermal conductance 
of j o i n t s  leads one t o  the  conclusion t h a t  a t  t h e  present t i m e  t h e r e  is  not a 
s a t i s f a c t o r y  approach t o  t h e  o v e r - a l l  problem. 
the designer or  a n a l y s t ,  a method of es t imat ing  the  temperature d i s t r i b u t i o n  
Such an  approach should provide 
i n  a bo l t ed  j o i n t  from design information. 
almost always been based on experimental d a t a ,  
I n  t h e  pas t  t hese  estimates have 
*Numbers i n  parentheses r e f e r  t o  s i m i l a r l y  numbered re ferences  i n  bibliography 
at end nf  nanpr-  
The primary ob jec t ive  of t he  work repor ted  here  was t h e  develop- 
ment of a p r a c t i c a l  a n a l y t i c a l  method of determining the i n t e r f a c e  thermal 
conductance of a bo l t ed  j o i n t  from a minimum of design information. 
p a r t  of t h i s  e f f o r t ,  simple equations descr ib ing  t h e  thermal conductance 
A s  a 
i n  the  contac t  zone were developed. Nine.experiments were conducted t o  
v e r i f y  t h e  i n t e r f a c e  temperatures ca l cu la t ed  f o r  two j o i n t s  under vacuum 
and atmospheric pressure  conditions.  
Approach t o  H e a t  Transfer Across Bolted J o i n t s  
A mathematical model of a bo l ted  j o i n t  can be formulated t h a t  
adequately descr ibes  t h e  i n t e r f a c i a l  heat t r a n s f e r .  The p a r t i a l  d i f f e r e n t i a l  
equations f o r  the  steady s t a t e  temperature d i s t r i b u t i o n  i n  t h e  j o i n t  members 
can be w r i t t e n  along with t h e  appropr ia te  boundary conditions.  
t h e  complexity of t h e  i n t e r f a c e  conductance and t h e  boundary conditions 
(reference 7) a closed-form so lu t ion  fo r  t h e  equations i s  not poss ib le .  
However, a s o l u t i o n  is  r e a d i l y  obtained i f  a f i n i t e - d i f f e r e n c e  approach i s  
used. 
described i n  re ferences  8 and 9 .  ’ 
Because of 
Two of t h e  many f i n i t e - d i f f e r e n c e  programs now i n  wide u s e  are 
In  order t o  u t i l i z e  a f i n i t e - d i f f e r e n c e  so lu t ion ,  t h e  two p l a t e s  
. must be divided i n t o  nodes; t he  i n t e r f a c e  conductance must  then be described 
fo r  each p a i r  of i n t e r f a c e  nodes. As t he  f i r s t  s t e p ,  both t h e  regions of 
apparent contac t  and the  p r e s s u r e  i n  these  regions mus t  be determined and 
t h e  i n t e r f a c e  gap ca l cu la t ed  a s  a function of pos i t ion .  
t o  do t h i s  a r e  discussed i n  a previous paper by the  authors (10). 
Methods developed 
Af ter  t he  
contac t  a r eas  and pressures  and the  i n t e r f a c e  gap thickness are e s t ab l i shed ,  
t h e  i n t e r f a c e  conductance m u s t  be determined a s  a function of node loca t ion .  
7 . '  . .  a 
'Methods developed t o  do t h i s  i n  t h e  contac t  and separated zones w i l l  be taken 
up i n  t h e  following paragraphs. 
Contact Zone Conductance 
A review of t h e  l i t e r a tu re  on t h e  sub jec t  of contac t  thermal 
conductance leads  t o  t h e  conclusion t h a t  t he re  i s  l i t t l e  p r a c t i c a l i t y  i n  t h e  
g rea t  maj'ority of t h e o r e t i c a l  or semi-empir ica l  methods now ava i l ab le .  
other words, it i s  almost impossible f o r  a designer t o  take  t h i s  problem 
I n  
i n t o  account without an apprec iab le  amount of t e s t i n g .  
of t h i s  po in t ,  four approaches out l ined  i n  the  l i t e r a tu re  w i l l  be b r i e f l y  
As an  i l l u s t r a t i o n  
discussed here .  These a r e  t h e  work of Fenech and Rohsenow (ll), Centinkale 
and Fishenden (12), Laming (13), and Boeschoten and Van der Held (14). 
Fenech's and Rohsenow's approach i s  very rigorous and complex; 
i t  agrees w e l l  w i th  t h e  experimental da ta .  Unfortunately, t h i s  method 
r equ i r e s  t h a t  two recorded su r face  p r o f i l e s  of each p l a t e  i n  contac t  be made 
and analyzed. 
i t  e a s i e r  t o  a c t u a l l y  measure the  contac t  conductance, Obviously, t h i s  
t h e o r e t i c a l  approach i s  not p r a c t i c a l  fo r  t h e  p red ic t ion  of contac t  thermal 
conductance. 
I n  l i e u  of making su r face  p r o f i l e s ,  one would probably f ind  
.The Centinkale-Fishenden and Laming methods, though not  s o  rigorous 
as  t h a t  of Fenech and Rohsenow, r e q u i r e  less information about t he  contac t  
sur faces .  
Hence, t hese  two approaches merit  g r e a t e r  cons idera t ion  as poss ib l e  methods 
for the  t h e o r e t i c a l  p red ic t ion  of contac t  conductance. Therefore , t hese  two 
methods , along with t h a t  of Boeschoten and Van der Held, w i l l  b e  discussed 
I n  some cases ,  a l l  t h e  requi red  information may be ava i l ab le .  
in more d e t a i l .  The approach taken by Boeschoten and Van der  Held r equ i r e s  
very l i t t l e  information about the  sur face  proper t ies  and is  near ly  always 
appl icable .  
Centinkale and Fishenden made use of Southwell's r e l axa t ion  method 
t o  der ive  a t h e o r e t i c a l  expression for  t h e  conductance of metal sur faces  i n  
contact .  The expression which they obtained for  the  t o t a l  conductance is  
where H, is  the  nominal va lue  of Meyer hardness of the  s o f t e r  metal ,  
k, = 
contact  po in ts .  
2kl k2 - , and re i s  one-half t h e  average value of the  d is tance  between 
k, +k, 
Their  approximation fo r  re was 
where 1, and a r e  t h e  wave lengths  of t h e  sur face  waviness of sur faces  A 
and B, respec t ive ly ,  and Q and 5 a r e  constants  t o  be determined experimentally. 
Centinkale and Fishenden determined 
and 5 = 5 / 6 .  
and 5 for  ground surfaces  
t o  be $ = 4 .8  x These values were independent of t h e  p l a t e  
ma te r i a l  and t h e  i n t e r s t i t i a l  f l u i d .  For surfaces  f inished by other  methods 
than gr inding,  d i f f e r e n t  values fo r  $ and 5 may be needed. Centinkale and 
Fishenden a l s o  found experimentally t h a t  
- 
6 '= O.61(iA + i,) ( 3 ) .  
where iA and i, a r e  t h e  root-mean-square values of surface i r r e g u l a r i t y  
(roughness plus waviness) for  sur faces  A and B ,  respec t ive ly .  
t h a t  no change i n  ?? w i t h  p ressure  was de t ec t ab le  up t o  800 p s i .  
point  conductance increas ingly  predominates over f l u i d  conductance as  t he  
They s t a t e  
Since contact  
c 
pressure  i s  increased, t h e  e f f e c t s  of any change i n  
conductance would become very small .  
on the  contac t  
They thus assumed t h a t  is  cons tan t .  
With equations 1 and 2 combined and t h e  values determined f o r  Jr 
and 5 i n s e r t e d ,  C, can be w r i t t e n  a s  
4 
2.08 x lom4 &P 5 
For equation 1 t o  be used, i,, i,, x,, AB must be  known. 
i, can be approximated from t h e  s p e c i f i e d  values of su r face  f i n i s h .  I f  t h e  
f i n i s h i n g  process i s  grinding, equation 4 can be used t o  determine C,. For 
Values of i, and 
o ther  f i n i s h i n g  processes,  t h i s  equation w i l l  a t  l e a s t  provide an 
approximation. 
If values f o r  LA and & a r e  known i n  a p a r t i c u l a r  case,  then 
equation 4 can provide a f a i r  es t imate  of t h e  conductance due t o  t h e  contac t  
po in ts .  I f  numerical values a r e  not a v a i l a b l e  (usually t h e  case  i n  des ign) ,  
then t h i s  equation i s  useless. An a t t e m p t  was made during t h e  present study 
t o  determine i f  a range of poss ib le  values f o r  wave length of su r face  waviness 
could be fixed when t h e  q u a l i t y  of su r face  f i n i s h  and t h e  machining operation 
are known, 
f i n i s h i n g  opera t ion  has never been made. 
Apparently a c o r r e l a t i o n  between waviness and roughness for  a given 
Laming (13) approaches t h e  problem of determining Ct i n  a somewhat 
simpler manner than t h a t  of Centinkale and Fishenden. The expression t h a t  he  
obtained for  C, is  i d e n t i c a l  t o  equation 1. However, he found 7 t o  be 
O.67(iA 4- is). 
from t h a t  given by equation 4 is  
The expression derived by Laming f o r  C, , somewhat d i f f e r e n t  
3 
1.83 x k,Py 
, 
A comparison of t h i s  wi th  equation 4 r evea l s  some s i m i l a r i t y ,  bu t  one 
s t r i k i n g  d i f f e rence .  I n  equation 5, Ca is  dependent upon P ; i n  
equation 4 ,  upon P4l3. 
3 /4 
Fontenot ( 4 )  shows t h a t  a dimensional a n a l y s i s  w i l l  
y i e l d  an exponent f o r  P of  3 / 4  and an  equation q u i t e  s imilar  t o  equation 5. 
I n . t h e  work of Centinkale-Fishenden and Laming, t h e  parameter X 
appears i n  t h e  r e s u l t i n g  equations.  As it  was mentioned previously,  t h e  
value of the wave length of sur face  waviness is  genera l ly  unknown. No way 
of  es t imat ing  i t  i s  a v a i l a b l e .  Thus, i n  most pract ical  problems, equations 
4 and 5 w i l l  be of l i t t l e  use. 
s i m p l e ,  semi-empirical approach was proposed by Boeschoten and Van de r  Held 
For determining C, when h i s  unknown, a very 
(141 
Using i n t u i t i v e  reasoning and an estimation of  s i z e  and number 
dens i ty  of contac t  spo t s ,  Boeschoten and Van der  Held derived an expression 
f o r  C t .  Their  expression f o r  Ca i s  i n  r e a l i t y  an  approximation of t h a t  given 
by Centinkale and Fishenden. 
arc-tangent term i n  equation 1 with n/2. 
simplifying assumption. 
Boeschoten and Van der Held approximate t h e  
Th i s ,  however, i s  not t h e  only 
Others must be  made t o  e l imina te  t h e  dependence 
upon A. 
As it was before ,  the  t o t a l  contac t  conductance was w r i t t e n  
- 
Cf + C a ;  where Cf = k, /6 .  
hydrogen, and helium are: 
The values of z, repor ted  i n  re ference  14 for a i r ,  
I - - 
Gair = 0.36(iA + iB); 6, = 0.76(iA + is); 6, = 0.80 (iA 4- is) . 
a . e  
The average value of s, found t o  be 0.64(iA + iB), is i n  exce l l en t  agreement 
wi th  t h e  values found by Centinkale and Fishenden and Laming. 
dependence o f  
was not found i n  t h e  other two i nves t iga t ions  (12 and 13). 
The apparent 
upon t h e  f l u i d ,  repor ted  by Boeschoten and Van d e r  Held, 
.The s impl i f i ed  expression f o r  Ca given by Boeschoten and Van der  
Held i s  
where a i s  t h e  average r ad ius  of t h e  contac t  spo t s .  
a determined by Boeschoten and Van der  Held is  1.2 x 
r e p o r t  t h a t  t he  value of a does n o t  depend upon the  materials of which t h e  
con tac t s  are made o r  t h e  contac t  pressure.  This i s  i n  agreement wi th  Holm 
(15). 
expressed simply as 
An approximate value f o r  
inches.  They 
- 
If t h i s  average va lue  of a i s  i n s e r t e d  i n t o  equation 6 ,  C, can be , 
(7 1 P C, = 8.8 X k - . Ho 
Since a l l  t h e  t e r m s  i n  t h i s  equation a r e  known q u a n t i t i e s ,  an approximation 
f o r  C. may be obtained. Equation 7 can then be  combined wi th  the  previous 
expression fo r  C, t o  g ive  t h e  equation f o r  C, as developed by Boeschoten and 
Van de r  Held 
where % depends upon t h e  i n t e r s t i t i a l  f l u i d .  
An expression f o r  C,, 
A s  was employed i n  t h i s  study. 
be  w r i t t e n  a s  
ca 
somewhat d i f f e r e n t  from those  given above, 
explained i n  d e t a i l  i n  re ference  4 ,  C, can 
. where n i s  the  number of contac t  spots  p e r  
r a d i u s  of those  spo t s .  
u n i t  area and a is  t h e  average 
r 
If t h e  var ious values  of x, as found i n  references 12, 13 and 14 
.are averaged, 5 
Employing these  
can be w r i t t e n  as 
- 
6 = 0.64(iA + io) 
expressions fo r  Ca and 5, C, can be w r i t t e n  as 
In order  t o  employ t h i s  equation iA , i,, and ng must be  determined 
in terms of  known parameters. 
as a funct ion of  contac t  pressure .  
from references  11-14 and are reproduced i n  Figure 2.  
4 i s  a curve f o r  i / p  a s  a funct ion of p. 
I n  re ference  4 curves were developed f o r  na  
These curves are based on da ta  taken 
Also given i n  re ference  
This curve is  reproduced as Figure 3.  
Equation 11 combined with Figures 2 and 3 allows one t o  obta in ,  
very simply, an est imate  of C, whe; t h e  R.M.S. value of su r face  roughness and 
% are known. 
are not  ava i l ab le .  
pe , h, kf , P, and T, - - a l l  of which a r e  genera l ly  known. 
This es t imate  should prove usefu l  whenever experimental da ta  
To employ t h i s  method one must know the  parameters pA , 
In l i e u  of equation 11 or  one of the  more complex expressions,  one 
can go t o  the  l i t e r a t u r e  and attempt t o  use experimental da t a .  
done i n  many cases ,  but  t h e  end r e s u l t s  a r e  not  of ten  s a t i s f a c t o r y  because 
of t h e  wide divergence of experimental r e s u l t s .  This divergence i s  most 
apparent i n  the  experimental da ta  compiled by Minges (3)  and Fontenot ( 4 ) .  
This can be  
Thermal Conductance i n  the  Separated Zone 
I n  re ferences  4 and 7 it is shown t h a t  the  conductance i n  t h e  
separated zone ( i n t e r f a c e  gap) can be divided i n t o  t h r e e  components; i .e.  
conduction, convection and r ad ia t ion .  It is  shown t h a t ,  i n  most cases ,  
. .  - .  
convection i s  not  poss ib l e  and r a d i a t i o n  may be neglected.  I f  r a d i a t i o n  
must be  considered, then t h e  
. c p  = 
where 6, is given as 
gap conductance can be w r i t t e n  as 
6,= - 
4 4  
I n  t h e  f i n i t e  d i f f e r e n c e  hea t  t r a n s f e r  analyses ( t o  be discussed 
i n  the  following paragraphs) of t h e  two j o i n t s  f o r  which experimental d a t a  
were obtained, four  s i t u a t i o n s  were considered. These four involved both 
t h e  aluminum and s t a i n l e s s  s tee l  j o i n t s  a t  ambient pressure  and i n  vacuum. 
For the  ambient pressure  cases  6, - 1900 5 f o r  t h e  aluminum j o i n t  and 2000 
- 
6 f o r  t h e  s t a i n l e s s  s t e e l  j o i n t .  Thus, t h e r e  was no question t h a t  t h e  hea t  
t r a n s f e r  by r a d i a t i o n  across  t h e  i n t e r f a c e  gap could be neglected.  
vacuum cases 66 - 70 5 f o r  t h e  aluminum j o i n t  and 30 
s teel  j o i n t .  
by r a d i a t i o n ,  without in t roducing  an e r r o r  i n  t h e  value of  Cg g r e a t e r  than  
about t h r e e  percent.  
For t h e  
f o r  t h e  s t a i n l e s s  - 
Here aga in  i t  w a s  poss ib l e  t o  neglec t  i n t e r f a c i a l  hea t  t r a n s f e r  
Experimental Temperature Di s t r ibu t ions  
A series of hea t  t r a n s f e r  experiments were conducted under 
con t ro l l ed  condi t ions  t o  measure t h e  temperature d i s t r i b u t i o n  i n  two bol ted  
j o i n t s  fo r  a v e r i f i c a t i o n  of t h e  a p p l i c a b i l i t y  of equations 11 and 12 ,  and 
an  i n d i r e c t  check of  t h e  a n a l y t i c a l  methods described i n  r e fe rence  10. 
l a p  j o i n t s ,  one of 6061T6 aluminum and one of 304 s t a i n l e s s  s t e e l ,  were 
t e s t ed .  
Two 
, ' 7  
The aluminum j o i n t  consis ted of  two 7-inch by 2-inch by l /4- inch 
p l a t e s ;  t h e  s t a i n l e s s  steel  p l a t e s  were the  same length and width, but 
were only 1/8 inch th ick .  Each p l a t e  had seventeen 0.062-inch diameter 
ho les  d r i l l e d  approximately 1/8 inch deep for  connecting Conax 32 gauge 
copper-constantan grounded thermocouples. Figure 4 is a sec t ion  of t h e  
thermocouples. 
heat ing element (Chromalox, Inc . ) ,  is shown i n  Figure 5 .  Cooling water was 
The assembled aluminum j o i n t ,  along with t h e  hots ide  c i r c u l a r  
fed through the  coolant  p l a t e  with the  polyethylene tubing t h a t  is  v i s i b l e  
in Figure 5 .  
The whole apparatus,  with t h e  aluminum j o i n t  i n  place f o r  tempera- 
t u r e  measurements, i s  shown i n  Figures 6 and 7 .  The aluminum b e l l  j a r  used 
f o r  measurements a t  ambient p r e s s u r e ,  as we l l  as i n  vacuum, is  v i s i b l e  i n  
Figure 6.  
I n  Figure 7 ,  a close-up view of t h e  aluminum j o i n t  shows the  method 
of thermocouple i n s t a l l a t i o n .  This attachment method for  these  thermocouples 
did not introduce any s i g n i f i c a n t  error because of t he  ceramic in su la t ion  
sheath around the  thermocouple wires  (Figure 4 ) .  The holes i n  t h e  p l a t e s  
were d r i l l e d  t o  provide an in t e r f e rence  f i t  fo r  the  thermocouple t i p s .  
The flow of t h e  cooling water was regulated by a manually operated 
valve.  
couplings ( insu la ted  during tests)  i n  t h e  polyethylene l i n e s  (Figure 7 ) .  The 
The i n l e t  and o u t l e t  water temperatures were measured a t  two brass  
e l e c t r i c a l  heat ing element was cont ro l led  by a va r i ac  with monitoring of t h e  
vol tage  and cu r ren t .  The output from the  36 thermocouples was r eg i s t e red  by 
two Minneapolis-Honeywell recorders .  
was evacuated t o  a p r e s s u r e  between 100 and 300 microns of mercury. 
For tests i n  a vacuum, the  b e l l  j a r  
. ,  The j o i n t  w a s  allowed t o  come t o  thermal equi l ibr ium before  the  
des i red  s teady-s ta te  temperatures were recorded. This equi l ibr ium was 
considered a t t a i n e d  when t e m p e r a t u r e  measurements were repea tab le  wi th in  
+ 0.SoF for  a t  l e a s t  30 minutes. - 
. Ten tests were conducted; nine of these  provided a complete set 
Table 1 summarizes the  more important measurements, of temperature da ta .  
other  than temperature, obtained during these  tests. 
The s teady-s ta te  temperature measurements obtained i n  t h e  nine 
tests w i l l  not be discussed as ye t .  
w i th  temperatures computed i n  a f in i t e -d i f f e rence  ana lys i s .  F i r s t ,  i t  is 
These measurements w i l l  be  compared l a t e r  
necessary t o  descr ibe  t h e  f in i t e -d i f f e rence  s teady-s ta te  hea t  t r ans fe r  
technique used t o  obtain the computed values of j o i n t  temperatures. 
Calculated Temperatures 
The three-dimensional s teady-s ta te  f in i t e -d i f f e rence  d i g i t a l  
program described i n  re ference  9 was used t o  c a l c u l a t e  t h e o r e t i c a l  values 
of i n t e r f a c e  temperature for  comparison with t h e  experimental resu l t s .  As 
required by the  f i n i t e - d i f f e r e n c e  method, t he  two j o i n t s  were divided i n t o  
a nodal network, ha l f  of which i s  shown i n  Figure 8. The loca t ions  of t he  
34 thermocouples a r e  designated by t h e  "0" around t h e  node center  point  t o  
ind ica t e  where measured values of t h e  temperature were ava i l ab le .  
Nodes 1-37 (p l a t e  1) were t r e a t e d  a s  variable-temperature nodes 
(d i f fus ion  nodes) ; nodes 38-65 ( p l a t e  2) were t r e a t e d  a s  fixed-temperature 
nodes (boundary nodes). Conductors 23-50 were i n t e r f a c e  conductors. For 
handling t h e  convective hea t  t r a n s f e r  losses  and t h e  hea t  input from the  
heat ing element, nodes 1-37 were t r ea t ed  a s  source nodes. 
The thermal conduct ivi ty  (k) and emittance ( e )  of t h e  j o i n t  
mater ia l s  and the  convective hea t  t r a n s f e r  coe f f i c i en t  (h) were a l s o  needed 
t o  accura te ly  descr ibe  the  t o t a l  hea t  t r ans fe r  l o s ses  and t h e  hea t  input  
from the hea t ing  element, nodes 1-37 were t r e a t e d  a s  source nodes. 
The thermal conduct iv i ty  (k) and emittance ( e )  of t h e  j o i n t  
mater ia l s  and t h e  convectfve hea t  t r a n s f e r  coe f f i c i en t  (h) were also needed 
t o  accurately descr ibe  the  t o t a l  hea t  t r a n s f e r  problem. 
given i n  the  l i t e r a t u r e  would only be estimates i n  t h i s  case,  10 thermo- 
Because the  values  
couples, located i n  t h e  two plates outs ide  of t h e  l ap  a rea ,  provided 
temperature measurements not d i r e c t l y  influenced by t h e  i n t e r f a c e  conductance. 
From these  da t a ,  the constants ,  k ,  e ,  and h were determined for  t h e  aluminum 
and s t a i n l e s s  s t e e l  j o i n t s .  
Table 2 along with estimated values taken from t h e  l i t e r a t u r e .  
cases the  computed va lue  was used i n  the  f in i t e -d i f f e rence  ana lys i s ;  however, 
A summary of t he  computed values i s  given i n  
I n  most 
i n  some cases t h e  va lue  obtained from t h e  l i t e r a t u r e  was used. A d e t a i l e d  
discussion of  the determinat ion of k,  e ,  and h i s  given i n  reference 7. 
The a c t u a l  d iv i s ion  of t he  j o i n t  hea t  losses  i n t o  convection and 
r a d i a t i o n  lo s ses ,  was found t o  be unimportant i n  the f in i t e -d i f f e rence  
s t eady- s t a t e  ana lys i s - -as  long as  t h e  t o t a l  hea t  l o s s  was accounted fo r .  
I n  addi t ion ,  i f  t h e  t o t a l  hea t  l o s s  r a t e  i s  small compared with t h e  hea t  
t r a n s f e r  r a t e  across  t h e  j o i n t ,  no appreciable  error i s  introduced i n t o  
. t he  computed i n t e r f a c e  temperature d i f fe rences .  The computed hea t  t r a n s f e r  
rates t o  and from t h e  j o i n t s  fo r  a l l  10 t e s t s  a r e  given i n  Table 3 .  
To obtain t h e  r a t e s  of hea t  input (4,) given i n  Table 3 ,  t he  
measures values of the heat ing element input were corrected f o r  convection 
and r a d i a t i o n  losses  about t h e  heat ing element by use of t h e  ca lcu la ted  
values of h and c .  The hea t  t r a n s f e r  l o s s  for  a l l  34 thermocouples 
in se r t ed  i n  t h e  plates was found t o  be only 0.008 Btu/min. 
With k, 8 ,  h and q, determined, t h e  only remaining parameters 
t o  be determined fo r  use i n  t h e  f in i t e -d i f f e rence  analyses were t h e  i n t e r f a c e  
thermal conductances (conductors 23-50). The values of the  thermal 
conductance between pairs of i n t e r f a c e  nodes were obtained using equation 11 
t o  c a l c u l a t e  C, i n  t h e  contact  a rea  and equation 12  t o  c a l c u l a t e  C, i n  t h e  
gap a rea .  The r e s u l t s  fo r  t hese  representa t ive  t e s t s  (1, 5 and.8) are given 
i n  Tables 4 ,  5 and 6. 
re fe rence  4 and the  values of iA and i, ( i r r e g u l a r i t y  of t h e  p l a t e  sur faces)  
were measured with a Proficorder  (Micrometrical Corporation).  The average 
measured values  f o r  t h e  s t a i n l e s s  s t e e l  and aluminum p la t e s  a r e  p lo t t ed  i n  
Figure 3 and a r e  seen t o  f a l l  wi th in  the  s tandard deviat ion of t h e  da ta  
from reference 4. 
The values of k, for  these  equations were taken from 
The contact  a reas  for  t h e  s t a i n l e s s  s t e e l  and aluminum j o i n t s  
were determined from reference  10. 
re ference  fo r  t he  one-inch button-head b o l t  was extrapolated t o  t h e  3/8-inch 
button-head b o l t  ac tua l ly  used i n  the  j o i n t s .  
r a d i a l  extent  of t he  i n t e r f a c e  stress from Figure 18 of reference 10, a 
va lue  of 0.336 inch was used for  rh ra the r  than the  ac tua l  bolthead rad ius  
of 0.406 inch, i n  l i n e  with t h e  o i l  p r e s s u r e  and penetrat ion data  given f o r  
button-head b o l t s  i n  tha t  same paper. 
The experimental data  reported i n  t h a t  
To obtain values of t h e  
I 
Average values o f  the  i n t e r f a c e  gap thickness ,  6 ,  were determined 
from j o i n t  p l a t e  de f l ec t ions  ca lcu la ted  using the  ana lys i s  described i n  
re ference  10. 
and 6. 
The results for  t e s t s  1, 5,  and 8 a r e  given i n  Tables 4 ,  5 
The contact-area i n t e r f a c e  pressures were determined wi th  Fernlund's 
s impl i f i ed  method discussed i n  re ferences  7 and 10. These pressures  fo r  
tests 1, 5 and 8 a r e  a l s o  given i n  Tables 4 ,  5 and 6. 
for t h e  j o i n t s  under cons idera t ion  because t h e  values of (r 
t o  t h e  va lues  of (rh - r , ) .  
(those for the  15 f t - l b s  torque are shown i n  Figure 9) were used t o  f ind  values 
of na from t h e  curve labe led  "ar i thmet ic  mean" i n  Figure 2. 
This method was s u i t a b l e  
- rs)  are c l o s e  
0 
The ca l cu la t ed  i n t e r f a c e  stress d i s t r i b u t i o n s  
- '  
- 
I n  Tables 4 ,  5 and 6 ,  besides t h e  values of C,, C,, 6,  and average 
con tac t  pressure,  t he  va lues  of na read f o r  each of t h e  i n t e r f a c e  conductors 
from Figure 2 a r e  given. Also given i n  these  t a b l e s  are t h e  percentages of 
the i n t e r f a c e  nodal a rea  i n  which gap conductance (C,) occurs and i n  which 
contac t  conductance (C,) occurs,  . 
From t h e  t a b l e s ,  i t  is  apparent t h a t  t h e  conductance between most 
This is  of the  i n t e r f a c i a l  nodal p a i r s  i s  governed by t h e  equation fo r  C,. 
e s p e c i a l l y  pronounced i n  t h e  s t a i n l e s s  s t e e l  j o i n t  (tests 5 and 8) .  
d i f f e rences  i n ' t h e  average values of t h e  i n t e r f a c e  gap 6 are a l s o  apparent 
from the th ree  t ab le s .  The d i f f e rence  i n  t h e  values of f o r  t e s t s  5 and 8 
is  due t o  t h e  d i f f e rence  i n  t h e  appl ied  torque (see Table 1). A comparison 
The 
- 
of the  values of C, and nodal i n t e r f a c e  conductance f o r  tests 5 and 8 revea ls  
t h e  e f f e c t  of i n t e r f a c e  f l u i d  pressure on t h e  magnitude of t h e  i n t e r f a c e  
. conductance . 
The values of t h e  nodal i n t e r f a c e  conductances r e s u l t i n g  from the  
complete analyses f o r  t h e  nine tes ts  are shown i n  Table 7. 
were used i n  the f i n i t e - d i f f e r e n c e  analyses t o  determine t h e  i n t e r f a c e  
temperature d i s t r i b u t i o n s .  The computed values of i n t e r f a c e  temperatures a r e  
discussed i n  the  following paragraphs. 
These values 
b 
Comparison Between Theore t ica l  and Measured 
Values of I n t e r f a c e  Temperatures 
S teady-s ta te  temperature d i s t r i b u t i o n s  were ca l cu la t ed  wi th  t h e  
f i n i t e - d i f f e r e n c e  computed program (reference 9) and the  nodal arrangement 
s h m n  i n  Figure 8. The temperature d i s t r i b u t i o n s  were found f o r  each of , t he  
n ine  tests using t h e  da t a  i n  Tables 2, 3 and 7. 
I n  Table 8, t he  computed temperatures for  test 1 are tabula ted  
f o r  comparison with t h e  measured temperatures, which are a l s o  tabula ted .  
Similar t a b l e s  f o r . t e s t s  2-10 a r e  given i n  re ference  7.  A summary of t h e  
. d i f f e rences  between t h e o r e t i c a l  and experimental temperature grad ien ts  f o r  
a l l  of t h e  tests is given i n  Table 9. 
From Table 8 it  is  apparent t h a t  t h e  average percentage dev ia t ion  
between t h e o r e t i c a l  and experimental values of AT i s  l a rge  i n  most cases .  
The ove r -a l l  average devia t ion  fo r  t h e  n ine  tests was 35 percent.  
i t  is clear from Table 9 t h a t  t h e  average values of t he  absolu te  dev ia t ion  
are on t h e  order of 2 F. This i s  wi th in  the l i m i t s  of t h e  accuracy of t h e  
However, 
0 
t empera tu re  measurements and t h e  f i n i t e - d i f f e r e n c e  ana lys i s ,  t h e  l a t t e r  
being l imi ted  by t h e  knmledge of k, h and e .  
Summary and Conclusions 
A practical  a n a l y t i c a l  method was developed t o  p red ic t  t h e  i n t e r -  
face  thermal conductance of a bol ted  j o i n t  from a minimum of design 
information. S i m p l e  equations were developed t o  descr ibe  t h e  thermal 
conductance across  t h e  i n t e r f a c i a l  contac t  zone and the  i n t e r f a c e  gap. Use 
was made of methods, described i n  a previous paper ( lo ) ,  t o  determine t h e  
i n t e r f a c i a l  contac t  pressures and t h e  width of t h e  i n t e r f a c e  gap. Calculated 
, ' .  -i. . .  
values  of i n t e r f a c e  conductances were used i n  f in i t e -d i f f e rence  hea t  
t r a n s f e r  analyses  and t h e  computed i n t e r f a c e  temperatures compared t o  values  
measured i n  n ine  experiments. 
Measured va lues  of t he  temperature drop across  the j o i n t  i n t e r f a c e s  
0 ranged from 0.3 t o  17.5 F, whi le  the  ca l cu la t ed  values  ranged from 0.1 t o  
23;2'F. 
temperature drops was 35 percent  o r  2 F. 
The average d i f f e rence  between measured and ca l cu la t ed  i n t e r f a c i a l  
0 
I n  reviewing t h e  l i t e r a t u r e ,  l a r g e  discrepancies  were found between 
and wi th in  sets of experimental  da ta  f o r  i n t e r f a c e  thermal conductance. 
Agreement t o  wi th in  35 percent was r a r e l y  found. D i f f i c u l t i e s  inherent  i n  
t h e  experimental  measurements a re  p a r t  of the reason. 
t h e  a n a l y t i c a l  method developed i n  t h i s  study provides a b e t t e r  method of 
obtaining est imates  of i n t e r f a c e  thermal conductance values f o r  design 
I n  l i g h t  of t h i s ,  
purposes. 
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Table 1 
15 
15 
15 
~ J o i n t  
I 1  14.7 0.64 66. 
40.5 11 0.0025 0.38 
I1 14.76 0.65 68. 
Alum. 
I I  
5 S t a i n l e s s  
6 
7 
8 
10 
S t e e l  
11 
I 1  
11 
11 
- 
*Bell j a r  not  used. 
Table 2 
T H E W L  CONDUCTIVITY, EMITTANCE, AND CONVECTIVE FILM COEFFICIENTS 
Reference 16 
I t  i7 
Reference 18 
Joint Data 
Value Used 
Reference 16 
17 
18 
11 
I f  
J o i n t  Data 
Value Used 
Reference 16 
0 
k 
BTU/in-min- F 
0.154 
0.138 
0.160 
0.160 
0.0133 
0.0130- 0.0135 
0.0147 
0.0147 
e 
2 0  
h 
BTU/min-in - F I 
I .  
I 
0.10- 0.15 
0.56 (anodized) 
0.59 0.80 x io-* 
0.15 1.74 x 
0.30 
0.30- 0.41 
0.34 
0.34 
2.55 X lo-' 
2.55 x 
I 1.74 x 
I 
4 
Test 
5 '  
6 
7 
8 
9 
10 
Table 3 
CALCULATED J O I N T  HEAT TRANSFER AND LOSS RATES 
Input  Heat. 
R a t  e 
BTU/min 
4.20 
4.20 
3.74 
3.74 
0.58 
0.32 
0.64 
0.33 
0.32 
0.75 
Output Heat 
Rate 
BTU/min 
3.53 
3.53 
3 33 (3.64)J; 
3.33 (3.64),'; 
0.13 
0.17 
0.14 
0.18 
0.16 
0.12 
Heat Loss Rate 
Across J o i n t  
BTU /min 
0.67 
0.67 
0.41 (0.10)+; 
0.41 (0.10)J: 
0.45 
0.15 
0.50 
0.15 
0.16 
0.63 
*Value used i n  f in i t e -d i f f e rence  ana lys i s .  
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FIGURE 4 Section of Thermocouple  
Figure  5 Aluminum Join t  U s e d  in Heat  
Trasfer Study 
FIGURE EXPERI ENTAL ARRANGE ENT FOR HEAT 
6 FER STUDY (BELL JAR IN PLACE) 
FIGURE CLOSE-UP VIEW- ALUMiI\ulvl JUINT 
7 INSTALLED FOR HEAT TRANSFER STUDY 
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